Abstract-The performance of add/drop filters based on over coupled ring resonators is analyzed and simulated. Over coupling improves the performance of the filters by providing a wider bandwidth over which high crosstalk suppression is achieved. Interband and intraband crosstalk associated with wavelength division multiplexing in optical filters are examined as a function of coupling coefficients. The simulation results show that, in over coupled double ring resonators, the crosstalk suppression bandwidth is increased in comparison with that of critically coupled ring resonators. Increased bandwidth will allow such filters to be used for higher data rate signals, and moreover, for different modulation techniques (such as return to zero RZ and nonreturn to zero NRZ).
material (Silicon dioxide) maintains light confinement in the silicon waveguide with a little optical leakage. In ring resonator based add drop filters (multiplexers), a two sided coupled ring is employed. Single or multiple rings are coupled to each other (by their close proximity) and coupled to a pair of straight waveguides at the top and bottom rings as in Fig. 1 . As illustrated in Fig.2 , the WDM signal enters the input port of the straight waveguide. In the first coupling region, only the channels that satisfy the coupling condition of resonance will be dropped from the input signal into the drop port, with the other channels passing on to the through port, ideally unaffected [11] . The adding port is used to insert a new signal with a similar wavelength of the dropped channel. The added channel is routed to the through port over the resonator. The power level of the dropped signal at the drop port and that of the added channel is controlled via the coupling coefficient (i.e. separation) between the resonator and the straight waveguides [12] .
Like any optical filter, the ring resonator based filter is prone to crosstalk between channels. Crosstalk in optical filters arises from either the channels of different wavelengths (interband crosstalk) or from channels with similar wavelengths (intra-band crosstalk) [13] . Inter-band crosstalk results from insufficient suppression of neighbouring channels; the level of inter-band crosstalk is mainly dependent on the drop port transfer function. For example, if a 10 Gbps data rate (RZ or NRZ) is used, the level of inter-band crosstalk can be predicted by calculating the drop port rejection ratio (DPRR) at 100 GHz shifted from the resonant frequency (where a 100 GHz channel spacing is considered). High DPRR represents a greater suppression of this type of crosstalk. Since the inter-band crosstalk results from different wavelengths interacting, it is easy to remove at the receiver by using a filter to reject unwanted channels. However, dealing with intra-band crosstalk is more difficult. This manifests at the through port as incomplete suppression of the dropped channel. A residual of the dropped channel exists at the through port. This interacts with the "add" channel (of the same wavelength), leading to crosstalk. The same scenario will happen in the drop port, where the dropped signal will encounter crosstalk resulting from the added channel. Intra-band crosstalk effects are predominantly measured either by checking the eye opening of the dropped signal with and without the presence of the added channel [10] , or by calculating the difference between the levels of insertion loss at the drop port and the through port at the resonance. This difference represents the crosstalk suppression [14] . The greater the difference, the greater the level of suppression obtained.
Different techniques have been proposed to deal with the crosstalk in ring resonator based add drop filters using static and dynamic analysis [15] [16] [17] . Multi-stage resonators were suggested by Simos et al. [10] to reduce the effect of crosstalk for different data rates. The effect of crosstalk in the lossy micro-ring add drop filters have been studied in [14] and vertical coupling, for greater control of coupling coefficients to reduce crosstalk, was proposed. The optimum coupling coefficients in a double ring resonator were calculated by Kato and Yasuo [15] and their study indicated that the conditions for low crosstalk (when the resonator involves losses) are significantly different from the lossless case. The optimal arrangement for a high order series coupled ring resonator was suggested in [16] . It was shown that, in a fourth order ring resonator, an asymmetric arrangement is the optimum arrangement to reduce crosstalk. It was also shown that a pair of critically coupled ring resonators in a parallel coupled configuration provides an improvement in the filter performance since it greatly reduced crosstalk [17] .
In this work, simulation and analysis of the crosstalk effect in a single and double ring resonator is presented. The performance of an asymmetrically-coupled ring resonator for WDM filters is investigated. The concept of asymmetrical coupling has been proposed in [15] . However, only critical coupling was considered in [15] , while in this paper an over coupled ring resonator is proposed and simulated. Analysis of the filter transfer function is carried out using Mason's rule [18] [19] [20] and the results are validated using CST Microwave Studio [21] . The main aim is to calculate the effect of changing the interring coupling coefficient on the bandwidth over which the crosstalk suppression exceeds the required level for adequate filter performance (about 20 dB) [14] . Increasing the bandwidth means a higher data rate signal can be dropped and added with a low level of crosstalk. Both crosstalk bandwidth and DPRR are studied in this work for single and series double ring resonator based filters. Over coupled filters are shown to exhibit a greater bandwidth than the critically coupled ring resonator and this will enhance the data rate of the transmitted channels.
This paper is organized as follows: section II focuses on the analysis of crosstalk suppression in a single ring resonator. A comparison between the bandwidth of crosstalk suppression in a critical and an over coupled double ring resonator is shown in section III with a discussion of the advantages of over coupled resonators compared with critical coupled resonators. The final section is the conclusion.
II. CROSSTALK BANDWIDTH IN
A SINGLE RING RESONATOR Fig. 2 shows the schematic diagram of a single ring resonator. It indicates that a single ring resonator is coupled with two straight waveguides by two coupling regions. The coupling regions are analysed either as a distributed parameter or lumped (fused) device [11] . The analysis in this work focuses on the lumped couplers, which are characterized by two coefficients, the power coupling coefficient k 2 and the transmission coefficient t 2 . If the coupling coefficients in each side of the ring are identical, the ring resonator is symmetric coupled. The filter is asymmetric coupled if the coupling coefficients are different [12] .
The through and drop port transfer functions for the single ring resonator shown in Fig. 2 , were calculated using Mason's rule [18] [19] [20] as below:
and
Where,
, L is the total length of the resonator, α is the field loss coefficient (the round trip amplitude reduction exp(−αL)), and β = (2πn e f f /λ), n e f f and λ are the effective refractive index and the wavelength respectively. Lossless coupling was assumed (|k| 2 + |t| 2 = 1). The intensity response of the through and drop port is calculated in (3) and (4) by taking the magnitude squared of (1) and (2)
A. CST Simulation
The time domain solver results using CST [21] for the single ring resonator (illustrated in Fig.1 ) are shown in Fig. 3 . A SOI ring resonator was modelled using the following parameters: ring radius equal to 16 μm (corresponding to a 5.5 nm free spectral range), silicon waveguide with a refractive index (n core = 3.47), and silicon dioxide lower cladding with a refractive index (n clad = 1.47). The upper clad refractive index was equal to 1 (air), also, the power loss coefficient was taken as 4 dB/cm. The cross section of silicon waveguide was chosen to ensure a single mode propagation (width = 480 nm and height = 250 nm). In Fig. 3 , S 2,1 , and S 3,1 represent through port and drop port frequency responses respectively. However S 1,1 , and S 4,1 , are the normalized power reflection at input port and add port respectively. The separation [g] was 40 nm which corresponds to a power coupling coefficient (K 2 1 ≈0.4). For this value of coupling, the through port attenuation at resonance is −20.7 dB and the maximum drop port is about −105 dB, which means that it is difficult with this coupling value (separation) to maintain a useful bandwidth. Different coupling coefficients are examined by changing the separation between the bent and straight waveguides.
B. Analytical Calculations
Inter-band crosstalk level is obtained from (2) by calculating I drop at 100 GHz which is called the 'drop port rejection ratio' DPRR, as previously discussed. However, this value depends on the data rate. For example, it should be calculated at 200 GHz when the transmission rate is 40 Gbps since the channel separation is 200 GHz. The intra-band crosstalk is calculated by taking the difference between the through port intensity and drop port intensity at resonance and it should be as high as possible to ensure high crosstalk suppression. To obtain a high suppression of crosstalk in the single ring resonator, the through port intensity should vanish at resonance to ensure that the required channel is completely dropped. This implies that (3) should be equal to zero. In a symmetric ring resonator it is difficult to get the numerator of (3) equal to zero except in the case of a lossless resonator which is simply impractical. An asymmetric ring resonator with different coupling coefficients was used to maximize crosstalk suppression by choosing t 1 and t 2 in such a way that (3) equals zero. These values of coupling coefficients represent "critical" coupling [12] .
The other important factor is to calculate the bandwidth over which the crosstalk suppression value is more than the minimum acceptable level of 20 dB [14] . By taking the difference between (3) and (4), the crosstalk suppression X T is given as: By substituting (3) and (4) in (5)
The shape of XT suppression is symmetric around the resonance frequency and the wavelength shift from resonance for each value is calculated as in (7):
For the required value of 20 dB, the bandwidth of crosstalk suppression is found from:
Where N is the mode index of the resonator, and c the is speed of light in free space. Fig. 4 shows the crosstalk bandwidth and the DPRR as a function of coupling coefficients for a symmetric single ring resonator. Changing coupling coefficients will affect filter selectivity through the change of quality factor.
The bandwidth of modulated channels is mainly affected by the data rate and the transmission technique. For a given data rate, the bandwidth of RZ is twice that of NRZ. 10 Gbps of NRZ transmission requires 20 GHz bandwidth. Thus, the crosstalk suppression bandwidth should be more than 20 GHz to ensure a dropping of this channel with a reduced level of crosstalk. For a symmetric ring resonator and from (8) , the value of the coupling coefficient to attain the required bandwidth for 10 Gbps NRZ is |k| 2 = 0.65. For this high coupling coefficient, the DPRR at 100 GHz can be calculated from (4) and it is found to be equal to 2.4 dB which is very low and means that a high level of inter-band crosstalk will be added to the dropped signal. If a 10 Gbps RZ signal is used, the single ring resonator filter is unable to support this signal since it requires a high coupling coefficient (about 0.8) which gives a 1.8 dB DPRR (high inter band crosstalk).
Asymmetric coupling may represent a better alternative where the coupling coefficient of the second coupling region (t 2 ), can be chosen to satisfy the critical coupling condition t 1 = t 2 e −α L . Using these coupling coefficients for both coupling regions, the through port response at resonance is equal to zero (notch filter). This gives maximum crosstalk suppression. The limitation of the critical coupling ring resonator is that it is asymmetric, which means that the signal entering from the input port is subjected to a different coupling value from the signal entering the adding port. This results in a different behaviour for the add and drop ports of the filter. This limitation has been addressed in [17] by suggesting a seriescascaded ring resonator pair in which the coupling coefficients are adjusted to reduce the crosstalk in the added and dropped signals simultaneously.
The effect of coupling coefficients in an asymmetric ring resonator is shown in Fig. 5 . A surface plot presented in Fig. 5 shows that an asymmetric single ring resonator requires a high coupling coefficient to ensure a wide bandwidth. High through port attenuation is possible in a critical coupled single resonator. However, the bandwidth over which this suppression occurs is narrow. To increase this bandwidth the coupling coefficient should be high, which would act to increase the level of inter-band crosstalk.
The presence of losses in ring resonators also affects the useful bandwidth, as shown in Fig. 6 . Increasing losses in the ring will reduce the bandwidth of crosstalk suppression, resulting in a high inter-and intra-band crosstalk.
III. CROSSTALK BANDWIDTH IN DOUBLE RING RESONATOR
An improved spectral response can be obtained when multiple ring resonators are coupled in series. A higher DPRR will result from increasing the order of the filter and this [15] in turn will improve the inter-band crosstalk suppression. However, the study of intra-band crosstalk in second order ring resonators shows a high dependence on the coupling coefficients between the rings (interring coupling k i ). The outer coupling coefficients between the rings and the straight waveguides are considered symmetric (identical separation of outer coupling regions), hence, the crosstalk performance of the filter will depend on the choice of the interring coupling value relative to the outer coupling value. The calculations of the optimum values of interring coupling coefficient, k i for different orders of series coupled ring resonator are shown to follow the formula
[15], where k is the coupling coefficient of the outer rings. It was shown in [13] that the optimum value of coupling coefficient calculated using the above formula yields a higher through port attenuation at resonance and maximizes crosstalk suppression. Table I below shows the values of interring coupling coefficients corresponding to the outer coupling coefficients for a symmetric double ring resonator.
The optimum values in Table I maximize crosstalk suppression but do not give the maximum bandwidth (required to ensure a high bit rate transmission in the network). An analysis of the spectral response of a higher order ring resonator shows that the response exhibits a "splitting" at resonance, which depends on the interring coupling coefficient and the number of splits is dependant upon the order of the filter [12] .
The analysis given in this section focusses on the calculation of crosstalk suppression bandwidth in a second order ring resonator and the values of coupling coefficient that maximizes the bandwidth. The aim is to find the value of the interring coupling coefficient that produces a splitting of the response at resonance with a level that satisfies the crosstalk suppression requirements over as wide bandwidth as possible. The drop port response will have a double maximum near the resonant frequency and a single minimum at resonance. However, the through port will have a single maximum at resonance and a double minimum near resonance. By keeping the difference between the single minimum of the drop port response and the single maximum of the through port within the accepted level of suppression, the bandwidth will be increased. To operate the filter in a "splitting" spectral region the inner coupling coefficient should be higher than the optimum coupling values given in Table I , and hence these are described as "over coupled" ring resonators.
Following the analysis given in section II, for the second order ring resonator shown in Fig. 7 , the drop port and through port transfer functions and the intensity responses are given below: The transfer function for drop and through ports are:
The intensity responses for drop and through ports are:
Where
(13c) Fig. 8 .b is the response of the same filter with a different separation between the rings. Changing the interring separation to 85 nm will lead to the occurrence of frequency splitting at resonance. This splitting comes from the mutual coupling between the forward and backward modes propagated inside the ring. However, this process could be interpreted as a useful effect to increase the bandwidth of crosstalk suppression as shown in Fig. 8 .b. Fig. 8 .b shows an increase in the useful bandwidth over which a higher crosstalk suppression is obtained.
Analytically, using the same approach used in the case of a single ring resonator, the crosstalk suppression bandwidth was calculated as in (5) . The difference here is the presence of a single maximum and minimum in the through and drop response respectively. To examine the effect of changing the interring coupling coefficient on the spectral response, the second derivative of the drop port response given in (12) with respect to the phase will be taken. At resonance, the value of k i that gives the second derivative a value equal to zero (maximally flat) was calculated and designated as k f lat . To maximize the bandwidth, the value of interring coupling was chosen to be greater than k f lat and should satisfy (5) where the value of X T should be held at 20 dB or more.
From (5) and using (11) and (12),
For the required level of crosstalk suppression:
In order to calculate the bandwidth of crosstalk suppression from (15) , this equation should first be solved to obtain the value of interring coupling that ensures the required level of suppression at resonance frequency (where the single maximum and minimum of through and drop response occurs). At the resonance, (15) 
, that results in an overcoupling between rings, should be greater than k f lat as in Table II .
Equation (15) should be solved again as a second order equation in terms of cos β L in order to calculate the bandwidth. Using (16) , the bandwidth can be calculated in terms of coupling coefficients Fig. 9 . Bandwidth of crosstalk suppression and drop port rejection ratio for critical and over coupled double ring resonator (losses = 4 dB/cm). The values for A 1 , A 2 , A 3 and D are calculated from (13) . Fig. 9 shows the difference in the crosstalk suppression bandwidth for critical coupling (Table 1) and that computed using (16) . It is noted that for RZ at 10 Gbps, where the required bandwidth is 40 GHz, the power coupling coefficient in the case of critical coupling is 0.58, while in the case of an over coupled ring resonator it is 0.46. The DPRR in the case of an over coupled ring resonator is 13 dB. This is compared to 7 dB for critical coupling which means an enhancement of inter-band crosstalk suppression.
The effect of ring losses in the over coupled ring resonators is shown in Fig. 10 . Different values of round trip losses were taken and for each value of loss the interring coupling coefficient was calculated to obtain the required level of crosstalk, then the bandwidth of crosstalk suppression was calculated as a function of both the losses and coupling coefficients. For some levels of losses it is difficult to acquire the accepted level of crosstalk suppression. This is represented as a bandwidth equal to zero in Fig. 10 .
From the results shown in Figs. 9 and 10 it can be seen that an over coupled ring resonator provides a wider bandwidth to accommodate higher data rate signals with low crosstalk compared to a critical coupled ring resonator filters. Optimising the value of interring coupling to operate in the over coupled region gives a better spectral response in terms of intra-band and inter-band crosstalk simultaneously.
IV. CONCLUSION
Over coupled ring resonators for optical add drop filtering were analysed and simulated using CST. Obtaining a wider crosstalk suppression bandwidth in a double ring resonator based filter was the main aim of interest. Inter-band and intraband crosstalk effects in a single and double ring resonator filters were investigated for intensity modulated RZ and NRZ signals. The effect of intra-band crosstalk was examined by taking the difference between the power level of the signal at the drop port and that of the signal in the through port at the resonance. The inter-band crosstalk was calculated by measuring the power level of the dropped signal at the wavelength of the adjacent channel in WDM comb. For a 10 Gbps RZ signal, the minimum bandwidth required to maintain an acceptable level of crosstalk is 40 GHz. It was shown that for the double ring resonator based filter with a power coupling coefficient of 0.46, the bandwidth of crosstalk suppression in the case of critical coupling is 28 GHz, while for the over coupled condition the bandwidth is 40 GHz. This means that a critical coupled filter will add more crosstalk if used with a 10 Gbps RZ signal. Physically, that means, for the same separation gap between the rings and the waveguides, it is possible to enhance the model bandwidth by more than 40% by adjusting the interring coupling. Over coupled ring resonator filters improve the bandwidth and the level of inter band crosstalk simultaneously and allow for a higher data rate signal filtering.
